Optical absorption, emission and luminescence kinetics of Nd 3+ centres in the new borate crystal with Sr4B14O25:Nd (Nd content 0.2 wt.%) composition are investigated and analysed.
Introduction
Borate crystals of various compositions are characterised by interesting non-linear optical, luminescence and laser properties and represent promising materials for different technical applications. In particular, strontium tetraborate crystals are perspective materials for non-linear optics [1] [2] [3] and thermally-stimulated luminescence (TSL) dosimetry [4, 5] and can be obtained by the Czochralski and Kyropoulos methods. Strontium tetraborates are characterised by excellent optical and mechanical properties such as high UV transmittance (down to about 130 nm), high second-harmonic generation (SHG) coefficient and optical damage threshold, high hardness and mechanical strength, non-hygroscopy etc. [1] [2] [3] [4] [5] . Photoluminescence and TSL of undoped and doped strontium borate crystals are intensively investigated during recent years [6] [7] [8] [9] [10] .
Crystals and glasses with different compositions activated by Nd 3+ ions are still attractive as active elements for powerful solid-state lasers [11, 12] , including lasers with laser emitting diode (LED) pumping [13, 14] . Special interest represents Nd 3+ -doped acentric crystals as laser and SHG active media simultaneously. Therefore, acentric non-linear crystals activated by Nd 3+ are * corresponding author; e-mail: B.Padlyak@proton.if.uz.zgora.pl; bohdan@mail.lviv.ua promising materials for self-doubling laser radiation [15] .
Investigation of Nd
3+ centres with different local environment in disordered crystals and glasses is very important for a complete understanding their spectroscopic and laser properties, because the laser action is possible when the Nd 3+ ions are located in specific sites of crystal lattice [16] .
Practically all borate compounds can be obtained in both crystalline and glassy states. In the SrO-B 2 O 3 system there can be synthesised crystals with SrB 4 O 7 [1] [2] [3] and Sr 3 B 14 O 25 [17] [18] [19] [20] [21] compositions and corresponding glasses with the same compositions [22] . At present time the undoped and rare-earth doped crystals with Sr 4 B 14 O 25 and glasses with the same (4SrO-7B 2 O 3 ) composition of high optical quality were obtained according to [17] [18] [19] 22 ]. Undoped and rare-earth doped Sr 4 B 14 O 25 crystals represent new perspective laser and SHG materials [20, 21] .
The complicated structure of Sr 4 B 14 O 25 crystals was investigated by different authors [20, 21, 23] . According to [20, 21] [23] . Four Sr atoms are located under every 14-membered ring. All Sr coordination polyhedra are irregular in shape and their environment is formed by both the O atoms of neighbouring B-O layers and the O atoms located between the layers. If the coordination sphere is restricted by a distance of 2.85 Å, then the coordination numbers of Sr1, Sr2, Sr3 and Sr4 atoms are 6, 6, 7, and 6, respectively. Precise investigations of the Sr 4 B 14 O 25 crystal structure are in the progress.
From both considered models of the Sr 4 B 14 O 25 crystal structure [20, 21, 23] we can conclude that disordering of local structure in these crystals is caused by presence of the several types of O 2− anions, which coordinates different Sr 2+ (at least four) and B 3+ (at least two) cations in the lattice. That leads to wide distribution of cation-oxygen distances (positional disorder) in the coordinated polyhedra (BO 3 triangles, BO 4 tetrahedra, and different SrO n polyhedra). So, according to both structure models the disordering of Sr 4 B 14 O 25 crystals leads to optical multisites of luminescence centres, localised in the cationic (Sr and B) sites. The analysis of local environment for rare-earth centres in the Sr 4 B 14 O 25 crystal lattice in the framework of both proposed in [20, 21, 23 ] structure models and corresponding glass network is given in Sect. 3.3.
The optical and spectroscopic properties of the Eu-, Pr-, and Nd-doped glasses with 4SrO-7B 2 O 3 composition were investigated in [22] , where it was shown that these impurities are incorporated into the 4SrO-7B • C using technological conditions developed by authors and described elsewhere [17] [18] [19] . Obtained single crystals of approximate 25 mm in diameter and 10 mm in length have cylindrical shape faceted partly by the (002) and (110) crystallographic planes.
The basic chemical composition of obtained crystals was controlled by X-ray microanalysis technique using a "Comeka Comebax" apparatus. The Sr 4 B 14 O 25 :Nd crystals were almost uncoloured. According to inductively coupled plasma (ICP) analysis the content of Nd impurity in the investigated crystal did not exceed 0.2 wt.%. Paramagnetic impurities were controlled by electron paramagnetic resonance (EPR) technique. The Sr 4 B 14 O 25 :Nd crystal of high optical quality without any paramagnetic impurities was selected for optical spectroscopy. Oriented by X-ray diffraction technique sample was cut and polished to approximate size of a = 6, b = 3, and c = 2 mm and was used for optical measurements, including absorption in the polarised light.
One can notice that the undoped Sr 4 B 14 O 25 single crystals are transparent in the UV spectral range down to 227 nm and are characterised by high IR transparency up to 3200 nm [19] [20] [21] . The lowering of UV transmission of the Sr 4 B 14 O 25 in comparison with SrB 4 O 7 crystals (down to 135 nm) is related to planar triangle boron groups (BO 3 ), presented in the Sr 4 B 14 O 25 structure, besides 3-dimensional tetrahedral (BO 4 ) boron groups, presented in all borate crystals.
Optical absorption spectra were registered at room and liquid nitrogen temperatures on a Carl Zeiss Jena (model Specord M-40) spectrophotometer.
Photoluminescence spectra were measured in the 4.2 ÷ 300 K temperature range using equipment of the Institute of Low Temperatures and Structure Research of the Polish Academy of Sciences (Wrocław, Poland). Luminescence spectra were excited by an Ar laser operating at λ = 514.5 nm. Emission spectra at room temperature were recorded with a Dongwoo (model DM 711) scanning monochromator having 750 mm focal length equipped with an InGaAs detector. Low temperature emission spectra were dispersed with a double grating monochromator (focal length -1 m) and detected by a photomultiplier with S-1 spectral response.
Luminescence decay curves were recorded with a Tektronix (model TDS 3052) digital oscilloscope. Excitation was provided by a continuum surelite I optical parametric oscillator (OPO) pumped by a third harmonic of an YAG:Nd 3+ laser (λ = 355 nm). For low temperature measurements the sample was mounted in an Oxford (model CF 2104) continuous flow liquid helium cryostat equipped with a temperature controller. ) spectral range, registered at room temperature with using polarised light in the E a, E b, and E c crystallographic orientations, consist of several characteristic absorption bands with weakly-resolved structure that belong to Nd 3+ ions (Fig. 1) . The polarised optical absorption spectra show some differences in the lines intensities and their positions at different orientations ( Fig. 1) which reflects low symmetry of Nd 3+ centres in the Sr 4 B 14 O 25 lattice. The linewidth and resolution of the Nd 3+ absorption bands practically were not changed at lowering temperature up to liquid nitrogen which is an evidence of the inhomogeneous broadening related to disordering of the Sr 4 B 14 O 25 crystal structure. As a result, some observed complex and weakly-resolved Nd 3+ bands can be assigned to groups of absorption transitions, as was shown in Fig. 1 . In accordance with the Nd 3+ energy levels diagram and referenced data [25, 26] all observed absorption bands were assigned to appropriate electronic f -f transitions from 4 I 9/2 ground state to following terms of excited states: (
Results and discussion

Optical spectra and luminescence kinetics of Nd
H(2) 9/2 ), and 4 F 3/2 (Fig. 1) . In the luminescence excitation spectrum of Nd 3+ centres at room temperature there were also observed several weakly-resolved and unresolved bands that correspond to optical absorption transitions. One can notice that the (Fig. 2) . (Fig. 2, spectrum b) that is an evidence of homogeneous broadening. The inhomogeneous broadening also is characteristic for luminescence spectra of the Sr 4 B 14 O 25 :Nd crystal, because even at liquid helium temperatures the Nd 3+ emission bands is not satisfactorily resolved (Fig. 2) [15, 27, 28] , in particular to borate glasses with the same (4SrO-7B 2 O 3 ) composition [22] . Fig. 3a and b , respectively. The observed curves can be satisfactorily fitted by single exponential decay with lifetimes τ = 105 µs (at T = 10 K) and τ = 93 µs (at T = 300 K). [31, 32] . It is invaluable tool in estimating relaxation rates of excited levels. At present this method is widely and commonly used to assess the laser potential of rare-earth doped materials. In view of the Judd-Ofelt procedures the spectroscopic properties of rare-earth doped materials may be determined by using three phenomenological parameters Ω t (t = 2, 4, 6). The least squares fit between the theoretical (P theor ) and experimental (P exp ) oscillator strengths derived from absorption spectrum is employed to obtain the Ω t parameters. Utilising this procedure we determined experimental oscillator strengths for transitions from the ground 4 I 9/2 multiplet to excited multiplets of Nd 3+ by numerical integration of absorption bands according to following equation:
The α(ν)dν means an integrated area under individual absorption band expressed in terms of absorption coefficient α at a wave number ν, d is the crystal thickness in cm, and C denotes a concentration of an optically--active impurity expressed in mol cm −3 . Whereas the expression for theoretical oscillator strength was constructed and equated to experimental oscillator strength P exp to acquire some equations of the form
where λ is a mean wavelength of the transition, n is a refractive index of the host. (Table I ). For comparison in Table I there are presented experimental oscillator strengths (P exp ) calculated from average energies (Ē) of the absorption bands maxima according to relation given in [29] . Differences between theoretical (P theor ) and experimental (P exp ) oscillator strengths for all observed Nd 3+ absorption bands in the Sr 4 B 14 O 25 :Nd crystal are negligible (Table I) that shows good correlation of the experimental data with the Judd-Ofelt calculations. 0.00
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0.54 × 10 At the consequence the Ω t parameters were employed to found the radiative transition rates W r from the 4 F 3/2 level to lower lying neodymium manifolds, according to formula
Luminescence branching ratios β for 
The inverse of the rate sum of radiative transition from the given 4 F 3/2 excited multiplets to all terminal multiplet is commonly denoted as radiative lifetime τ r of this multiplet 
Results of the calculations performed for the systems under study are gathered in Table II [20, 21, 23] four Sr sites in the Sr 4 B 14 O 25 lattice are characterised by coordination number to oxygen N = 6÷7 with positional disordering in the first (oxygen) coordination sphere. The corresponding glass with the 4SrO-7B 2 O 3 composition is characterised by positional disordering of the atomic local structure and continual disturbance of the short-range order that destroys middle-and long-range order [36] .
The 
